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ABSTRAKT 
Tato diplomová práce se zabývá vývojem laserem svařeného common railu s radiálně 
připojeným snímačem tlaku RPS. Tento nový koncept požadovaný od firmy Bosch Diesel 
s.r.o. Jihlava by měl být jednodušeji modifikovatelný, a měl by být snadněji zabudovatelný do 
motorového prostoru. V této diplomové práci jsem navrhl několik konceptů, které jsem dále 
analyzoval, ověřoval v příslušných softwarech, vyvíjel, a nakonec jsem zúžil výběr na jedno 
nejvhodnější řešení, které jsem doporučil a obhájil v závěru. 
KLÍČOVÁ SLOVA 
Laserem svařovaný rail, RPS senzor, sensor tlaku, common rail system, Bosch Diesel, 
radiálně připojený senzor, vznětový motor, Bite Edge koncept 
 
ABSTRACT 
This dissertation deals with a development of a laser welded common rail with a radially 
attached RPS sensor of pressure. The new concept required by Bosch Diesel s.r.o. Jihlava 
should be more modifiable and it should be easily integrated with the engine compartment. In 
this dissertation I suggested a number of concepts that I further analysed, verified in 
appropriate software, developed, and finally narrowed the selection down to the most suitable 
solution, which is recommended and justified in the conclusion.  
KEY WORDS 
Laser welded rail, RPS sensor, pressure sensor, common rail system, Bosch Diesel, radially 
attached sensor, diesel engine, Bite Edge concept 
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1 ÚVOD 
Dnešní svět je závislý na automobilní dopravě, ať už se jedná o dopravu osob, zboží, 
pohonných hmot, či o použití v zemědělství. Díky zvyšujícímu se počtu motorových vozidel 
se take zvyšuje dopad na životní prostřdí, který je způsoben výfukovými plyny automobilů. 
Proto je nasnadě snižovat emisní normy a tím tak přinutit výrobce automobilů k produkci 
ekologičtějších aut.  
Díky snižujícím se emisním normám se do automobilního průmyslu čím dál více dostávají 
alternativní pohony v podobě elektrických pohonných jednotek anebo kombinovaných 
hybridních pohonů. V současné době bychom obtížně hledali automobilku, která se 
výzkumem těchto technologií nezabývá. Bohužel pro elektrické pohony je nutno mít v 
automobilu velkou baterii, se kterou je možné za ideálních podmínek ujet v průměru pouze 
100km. Přitom k plnému nabití této autobaterie je zapotřebí několik hodin, a proto se narozdíl 
od běžných spalovacích motorů, kdy natankování paliva trvá jen několik minut, nedá použít 
při delších cestách anebo v nákladních automobilech. Dokud se nevyřeší dálkové cestování v 
elektromobilu, je nutné vyvíjet nynější systémy spalovacích motorů.  
Spalovací motory se díky vývoji stávají účinější, hospodárnější a také mají menší produkci 
škodlivých plynů. V této diplomové práci se zabývám systémem common rail, který k pohonu 
spalovacího motoru využívá naftu, tedy se jedná o vznětový motor. U systému common rail 
vývoj směřuje k vyšším vstřikovacím tlakům paliva do válce, což nám zaručí lepší rozprášení 
paliva ve válci, a tím zlepšení samotného spalování. Další výhoda vyšších vstřikovacích tlaků 
je možnost většího přeplňování motoru za pomocí turbodmychadel. 
 Pro správný chod systému common rail je důležité sledování vnitřních tlaků ve vysokotlakém 
okruhu, a to se děje pomocí snímače RPS, který je upevněn na railu. Tato diplomová práce se 
zabývá návhem konstrukční části tohoto snímače, který má být upevněn radiálně na osu 
laserem svařovaného railu. Díky tomuto uspořádání se rail stává více modifikovatelný a jeho 
uzpůsobení pro různé druhy motorů je snažší. Tato práce vznikla ve spolupráci s firmou 
Bosch Diesel s.r.o. v Jihlavě s využitím dlouholetých zkušeností se systémem common rail.   
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1     INTRODUCTION 
Today’s world is dependent on automobile transportation, which ranges from personal 
transportation, transportation of goods and propellants, to use in agriculture. An increasing 
number of vehicles also increases the impact on envrionment, which is caused by exhaust 
gasses of vehicles. Therefore it is crucial to make emission norms stricter. and thus make 
automobile manufactures produce more ecological vehicles. 
Due to stricter emission norms, the automobile industry increasingly uses alternative drives, 
such as electric drives and combined hybrid drives. Today, it would be diffiult to find an 
automobile manufacturer that was not be engaged in R&D of these technologies. 
Unfortunately, electric drives in automobiles require large batteries, witch which it is possible 
in ideal conditions to drive only 100km on average. Moreover, to fully charge a car battery it 
takes hours, which is unsuitable for long drives. On the other hand, common combustion 
engines only take a few minutes to fuel up. Before the long drive related problems are solved, 
it is necessary to develop current systems of combution engines. 
Thanks to R&D, combustion engines are becoming more efficinet, economical, and they have 
lower production of harmful gasses. In this diploma theses I deal with a common rail system, 
which uses diesel to drive a combution engine, it is therefore a diesel engine. The 
development of the common rail system aims to increase the injection pressure of fuel to a 
cylinder, which guarantees a better spread of fuel in the cylinder, and therefore a better 
combustion. Another advantage of high injection pressures is an option of larger 
turbocharging of the engine, using a turbocharger. 
To secure a good running of the common rail system, it is important to observe inside 
pressures in a high pressure circuit, for which an RPS sensor attached to the rail is used. This 
diploma thesis focuses on a design of a new construction part of this sensor, which should be 
radially attached on the axis of a laser welded rail. Thanks to this arrangement, the rail 
becomes more modifiable, and its adaptation to various engine types becomes easier. This 
assignment was created in cooperation with Bosch Diesel s.r.o. in Jihlava, with use of their 
long-time experience with the common rail system. 
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2 INJECTION DIESEL ENGINE SYSTEM 
2.1 Development of diesel engines 
The first high-pressure combustion diesel engine was constructed by Rudolf Diesel in 1897. 
However, he filed the first patent for a diesel engine already in 1892.[2] The target of a diesel 
engine development was to get closer to an ideal Carnot cycle. This engine had an automatic 
ignition of fuel. Maximum pressure in a cylinder was 3.5 MPa. The first fully functional 
diesel engine had the power of 14.7 kW at 170 min-1. 
The advantage of this engine was low consumption. Moreover, the efficiency of 26% in that 
time was regarded high. [17] However, due to a large construction and heavy weight it was 
impossible to use it in cars. For this reason diesel engines were used in their early days only in 
boats and as stationary engines. The first ship with a two four-stroke diesel engine was 
Selandia in 1912. The power of each cylinder was 1088HP. Fuel was injected into the 
cylinder by air stream from a large compressor. Further development came when the 
compressor was replaced with a smaller and lighter injection pump. Following these 
improvements diesel engines were used in trucks and later also in cars. 
Further progress occurred when James Kechnie invented the first engine with a pre-
combustion chamber. This engine came into production thanks to Benz factory in 1923 as an 
engine for trucks. The first personal car with diesel engine was Mercedes 260D in 1936. 
 
Picture 2-1 Mercedes 260D [12] 
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The greatest contribution to the diesel engine development was brought by engines with turbo 
charging. Firstly they came into use in aircraft engines.[2] These engines needed to have more 
air in cylinders, especially in high altitudes. The turbocharger allowed for smaller and lighter 
engines with the same power and higher torque. Other advantages were low emissions and a 
low consumption. The first car with the turbocharged diesel engine was Mercedes Benz 300 
SD in 1978. 
The next stage in the development was a controlled injection by an engine control unit (ECU) 
in 1986.[7] With this improvement engines were smaller, had a better engine power and a 
smaller consumption. 
Today, the high-end technology for diesel engines is a Common Rail System. The first 
prototype of the Common Rail was developed by Robert Huder in 1960s. Since 1993 this 
patent has been owned by Robert Bosch GmbH company. In 1997, the Common Rails were 
launched into a serial production and can be seen for example in Alfa Romeo’s cars. Today, 
Bosch manufactures the fourth generation of the common rail system.   
 
2.2 Creation of fuel mixture in diesel engines  
Creation of fuel mixture in diesel engines always takes place in a combustion chamber of a 
cylinder engine. Ignition of fuel occurs when fuel is injected into hot compressed air in the 
cylinder.  
Quality of mixture has the greatest impact on combustion. The quality is affected by the 
injection of fuel to the cylinder.[2] The injection takes place under high pressure that helps 
creating a better fuel disperse. Higher pressure gives us better results in consumption, engine 
power, emissions and so on. The high pressure of fuel is caused by a pump. A turbulent flow 
in a combustion chamber spreads out fuel to the whole volume of the combustion chamber. 
This is followed by the ignition of fuel. This all happens around the TDC (Top Dead Center). 
Today, there are two types of the fuel mixture creation in diesel engines. The first one uses a 
pre-combustion chamber and the second one uses direct injection into a combustion chamber. 
2.2.1 Pre-combustion chamber  
Fuel is injected into a pre-combustion chamber, which is connected to a combustion chamber 
of a cylinder.[6] These two combustion chambers create a unified compression volume. The 
pre-combustion chamber is in a cylinder head and it is made of fireproof material. In this 
small chamber fuel begins to burn. This process creates a pressure (a swirl), which affects the 
ignition of the residual fuel in the cylinder chamber.[2] This ignition is under high-pressure 
and causes a great spray of fuel. 
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The advantage of this concept is lower emissions and an engine that is quieter and runs better. 
However, this engine has disadvantages associated with the separate combustion chamber. 
Because of a chamber separation, the area between the separate chamber and the cylinder 
chamber is thermally and mechanically stressed. Also, the cylinder head is more complicated 
than in an engine with direct injection. Another big disadvantage is higher consumption than 
with a direct injection engine. 
A heating plug must be placed in the pre-combustion chamber, because this engine has high 
heat dissipation and it could be hard to start the engine in winter. 
 
Picture 2-2 Pre-combustion chamber [13]    
2.2.2 Direct injection into combustion chamber  
In this concept of combustion, fuel is injected directly into a combustion chamber of a 
cylinder. A nozzle for fuel injection is placed in a cylinder head above a piston.[2] Dispersed 
fuel should be in the whole volume of the combustion chamber, but it can not get in contact 
with a cylinder wall, because this can damage an oil film. 
This type of engine ranks among the most effective heat engines. This concept has lower 
consumption than the engine with a pre-combustion chamber. It is easier to start in winter. 
However, its disadvantages are larger vibrations, hard running and louder noise. 
The efficiency depends on quality of fuel mixture, which depends on a nozzle injector, an 
injection pressure and other factors. To achieve high quality fuel fog it is necessary to have 
holes with small diameters in the injector. Because of the small holes, good quality fuel must 
be used in the engine in order to prevent plugging of these small holes. 
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Picture 2-3 Direct injection [14] 
2.3 Injection systems in diesel engines 
This chapter focuses on injection systems designed and used in Bosch GmbH. Bosch 
developed the first injection system for cars in 1927, which was powered by a small and light 
pump.[8] This meant a great revolution in the field of engines. In early beginnings this pump 
was used only in commercial vehicles, but since 1936 this pump has been also used in 
personal cars. 
Today, the development of the injection pump continues and remains very important. These 
new improvements are evident in better performances of engines. Cars with these engines are 
more powerful and have smaller consumption and lower emissions. 
Nowadays, development of diesel engines faces the challenge presented by stricter emission 
standards (Euro 5 and Euro 6). More environmentally friendly diesel engines with high power 
and low consumptions that are required are not easily designed. Possible solution is use of 
supercharging and intercooler in diesel engines, and a use of an electronic control unit (ECU) 
that supports high power and reduces consumption. The electronically controlled injection 
system is necessary to secure precision, as it controls timing of each injector, system pressure, 
and other factors.  
Below are all types of injection systems designed by Bosch. In the following subsections I 
will describe each of these systems, and later I will focus on the Common Rail System. 
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Picture 2-4 Injection systems [3] 
2.3.1 Unit pump system  
This system is only used in large commercial vehicles such as trucks and buses with 
performances of up to 92 kW per cylinder and with 4 to 18 cylinders.[18] A high pressure 
pump is connected to a nozzle via a short pipe. Each engine cylinder in an engine has a unit 
pump of its own. The injection unit is composed of the high pressure pump with an integrated 
solenoid valve, the short fuel-injection pipe and the nozzle. This system can reach pressures 
of up to 2200 bar. 
 
Picture 2-5 Unit pump system [15] 
  
2.3.2 Unit Injector system 
Unit Injector system is a direct injection system for diesel engines used in commercial 
vehicles with performances of up to 80 kW per cylinder and up to eight cylinders.[18] With 
two ECUs it is possible to have up to 16 cylinders. The technology is also known as a pump-
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nozzle system. This system has also one inception unit for each engine cylinder, which is 
integrated with a cylinder head. An important role is played by a camshaft, which increases 
fuel pressure. Its cams are designed to create pressure as quickly as possible. In the picture 2-
6 we can see the unit injector system powered by the camshaft. This system does not need to 
have a pump and a high pressure pipe, because high pressure is generated in the unit injector 
before the nozzle. The volume of the injected fuel is controlled by the solenoid valve, and this 
valve is controlled by the ECU. 
 
Picture 2-6 Unit injector system [16] 
 
2.3.3 Radial piston distributor pump 
Injection pressure is generated by a high pressure pump, and especially by radial 
plungers.[21] The number of cam lobes in cam rings depends on the number of engine 
cylinders. Roller tappets drive a radial piston. Rollers tappets are rolls on a cam ring that 
generate pump motion. Plunger compresses and delivers fuel to a pressure controlled nozzle. 
Suck and output ports are driven by a rotation of a central distributor. High pressure is 
generated when a solenoid valve is closed. The injection timing is set by rotating of the cam 
ring. 
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Picture 2-7 Radial piston distributor pump [17] 
2.3.4 Axial piston distributor pump  
The driveshaft's rotation is converted to a rotating-reciprocating movement by a cam plate 
rotating on a special roller ring.[22] The shape of the cam plate and its cams defines the 
injection pressure and the duration of injection. The number of cams is the same as number of 
engine cylinders. A central distribution piston opens and closes ports and the fuel is 
distributed to the injectors. In this system there are pressure controlled nozzles. A control 
sleeve controls quantity of injected fuel and effective stroke. The injection timing is set by the 
rotating of the roller ring relative to the cam plate.[8] 
 
Picture 2-8Axial piston distributor pump [17] 
2.3.5 Inline pump  
Inline pump has one pump element for each engine cylinder. These elements are placed in a 
row. This pump or a camshaft is powered by gear wheels or chains of a combustion 
engine.[18] The inline pump works at half speed of the engine and always synchronously with 
piston movements of the diesel engine. Fuel goes via high pressure line to a nozzle holder and 
to a nozzle. Today, this inline pump is used mainly in commercial vehicles, and buses. The 
maximum injection pressure is 1300 bar.  
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Picture 2-9 Inline pump [18] 
2.4 Common rail system  
The common rail system is the most modern injection system for diesel engines in personal 
cars. The injection pressure of fuel and timing of injection can be easily modified. Because of 
this the Common rail system can be applied to small cars, trucks and even to boats and trains. 
The smallest engine with the Common rail system is Smart CDI with engine volume of 0.8 l. 
Power of this engine is 30 kW and the consumption is 3.4 l per 100 km.[6] 
Today the fourth generation of the Common rail system is in production. This generation has 
a piezo injector and an internal pressure inside the system is up to 2050 bar. 
The common rail system is composed of a low pressure circuit and a high pressure circuit. 
Both circuits are composed by other parts, for example pumps, filters and so on. 
 
Picture 2-10 Common rail system [17] 
1-Fuel tank; 2-Presupply pump with sieve filter; 3-Fuel filter; 4-High pressure pump; 5-Rail; 6-Pressure 
control valve; 7-Rail pressure sensor; 8-Injector; 9-Electronic control unit 
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2.4.1 The first generation 
In 1997 the first version of the Common rail system was applied to personal cars. The first 
cars with this system were Alfa Romeo 156 and Mercedes Benz E320 CDI.[6] This first 
generation of the Common rail system has a system pressure of up to 1350 bar. It used 
solenoid injectors to inject fuel. With these injectors it was possible to divide the injections 
process in three stages. The first being a pilot-injection, the second main injection and the last 
was a post injection. Also this system can regulate volume of fuel based on the speed and load 
of an engine. 
2.4.2 The second generation 
This generation of the Common rail system was developed in 2001. The internal pressure in 
this system increased up to 1600 bar.[6] Another difference was in regulation of the fuel 
volume. The regulation of volume happens on the intake side. Similarly, as in the first 
generation, also here solenoid injectors were used. The second generation brings more power 
with smaller consumption and smaller noise. This version appeared in Volvo and BMW cars. 
2.4.3 The third generation 
The next generation increased the system pressure up to 1800 bar.[6] This generation was 
developed in 2003 and it used a piezo inline injector. With these innovations the power 
increased by 5%, emissions were lowered by up to 20%, consumption was lowered by 3%, 
and engine noise was reduced by 3dB. The regulation of fuel took place in a dosing unit. 
2.4.4 The fourth generation 
The latest generation is a hydraulically amplified diesel injection system. The internal 
pressure is up to 2050 bar, but the injection pressure can be higher.[6] A maximator is used in 
injectors. For example, if the inject pressure in the nozzle is be around 2500bar, the pressure 
in the rail body remains at only 1350bar. This means less stress to the rail and to the high 
pressure pipe. 
2.4.5 Principle of the Common rail system 
The common rail system is an accumulation injection system. The pressure inside the system 
reaches up to 2050 bar.[8] The main difference between the common rail system and a classic 
injection system is in separation of a working pressure and in the injection process. The 
classic injection system sucks fuel using a low pressure pump from a fuel tank through a fuel 
filter to a high pressure pump and then to injectors. The Common rail also uses a low pressure 
pump and a high pressure pump, but there is a rail body in between the high pressure pump 
and the injector. In this rail fuel is accumulated under high pressure. Fuel goes from the rail to 
injectors via high pressure pipes. 
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For a good function it is important to have the right internal volume of the rail.[8] Smaller 
volume is better for a quick generation of the system pressure, but it is bad for pressure 
waves, which are large. If the volume is bigger, the waves are smaller. For these reasons it is 
important to find an optimal solution, which lies somewhere in the middle. 
The quantity of injected fuel is set by an Electronic diesel control and it depends on engine’s 
load and speed. The Electronic control unit evaluates signals from an air mass sensor, a 
pressure sensor in the rail, a temperature sensor of exhaust gases, a pedal position, a rotary 
speed sensor and so on. From these signals the Electronic control unit calculates the right 
quantity of fuel and sends a signal to the Electronic diesel control. 
Thanks to the common rail system it is possible to have high number of injections during one 
engine cycle. Moreover, we can control timing of the injection and the quantity of injected 
fuel. 
A metering unit is integrated with a high pressure pump. With this unit we can control the 
working pressure inside the rail. There is also another way how to control pressure, for which 
a pressure control valve is placed in the rail body. It is also possible to use both systems 
together. 
2.4.6 Low pressure circuit 
The low pressure circuit supplies fuel from the tank to the high pressure pump.[4] Another 
task of this circuit is to drain excess fuel from the injectors, the pressure control valve and the 
high pressure pump. All parts of this circuit work with low pressure of about 3 to 7 bar. Low 
pressure circuit is composed of a fuel tank, a fuel pump, a fuel filter and low pressure pipes. 
Sometimes the low pressure circuit can be composed of a pre-supply pump, a fuel cooler, a 
cooler for the control unit and a second filter. 
2.4.6.1 Low pressure pump 
Transport of fuel is provided by a low pressure pump.[4] Fuel is sucked from the fuel tank 
and is delivered to the high pressure pump via pipes. The pump must generate a requested 
pressure and must be reliable. Two types of pumps are used in the common rail system.  
The electric fuel pump is one of the two commonly used types of a pump for the common rail 
system. They are only used in personal cars and light commercial vehicles, and are installed in 
the fuel tank. 
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Picture 2-11 Electric pump [17] 
A gear pump is a second pump that supplies fuel.[4] This pump is usually integrated with the 
high pressure pump and it is driven by the drive shaft from the high pressure pump. They are 
only used in cars and heavy commercial vehicles. 
 
Picture 2-12 Gear pump [7] 
2.4.6.2 Fuel filter 
The fuel filter separates impurities in fuel. The filter also filters water, which is always in the 
fuel of poor quality.[4] Thanks to the fuel filter life of all parts, which are in contact with fuel, 
is increased. This relates mainly to protected parts in the high pressure circuit. 
 
Picture 2-13 Fuel filter [19] 
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2.4.7 High pressure circuit 
Main parts of the high pressure circuit are a high pressure pump, a rail, a rail pressure sensor, 
a pressure control valve or a pressure limiting valve, injectors and high pressure pipes.[4] The 
common rail system can be divided into three parts. In the first part fuel pressure is created, in 
the second fuel pressure is accumulated, and in the last part fuel is injected. Creation of the 
fuel pressure takes place in the high pressure pump, the rail body serves to accumulate fuel. 
The volume of injected fuel is driven by injectors. 
Drawn power of the high pressure pump is directly proportional to the system pressure. 
Greater system pressure needs greater power supply for the pump. For example: system with 
pressure of 1350 bar needs supply of 3.8 kW to the pump. Efficiency of the pump is about 
90%. The pump for personal cars is lubricated only by fuel, meanwhile the pump for 
commercial vehicles can be lubricated by fuel or oil. 
2.4.7.1 High pressure pump 
In the high pressure circuit there can be several types of high pressure pumps. The type of the 
pump in the circuit depends on the type of the common rail generation used. 
CP1 and CP1H pumps 
In the first generation of the common rail system a CP1 pump is used.[8] This pump has three 
radial pistons. These pistons are powered by an eccentric cam with a polygon ring. In the 
pump is also a suction valve and an output valve. The suction valve opens when a plunger 
goes down and sucks fuel from the low pressure circuit. When the plunger is in the bottom 
dead centre, the suction valve is closed. Then the plunger starts to compress the fuel. The 
compression creates pressure, the output valve opens up, and the fuel goes to the high 
pressure circuit. When the plunger is in top dead centre, the output valve is closed, and this 
procedure repeats. 
This pump can create pressure of 1350 bar in the high pressure circuit. A modified version of 
CP1H can create pressure of up to 1600 bar. In the modified pump a metering unit is on the 
suck side of the high pressure pump. Moreover, this type of pump has an electromagnetic 
valve ZME, which regulates the fuel quantity. 
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Picture 2-14 CP1 pump [4] 
CP2 pump 
This pump is used only in commercial vehicles and the maximal pressure reaches up to 1600 
bar.[8] This pump is oil lubricated. One part of this high pressure pump is a low pressure gear 
pump. This low pressure pump sucks fuel from the fuel tank via pipes and the filter into the 
metering unit. The metering unit regulates the quantity of fuel based on the speed and load of 
an engine. 
 
Picture 2-15 CP2 pump [4] 
CP3 pump 
This pump is next development stage. It was designed for the third generation of the common 
rail. The CP3 pump was the first pump with a metering unit ZME.[8] The CP1 was modified 
to CP1H after the production of CP3 was launched. Design of the CP3 pump is very similar to 
the CP1, but it is composed of a mono-bloc housing and a different type of a cam follower. 
This pump creates pressure of up to 1600 bar. 
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Picture 2-16 CP3 pump [20] 
CP4 pump 
This pump is used in the fourth generation of the common rail system with one or two 
plungers.[8] This pump also contains the metering unit ZME. The biggest advantage of this 
pump is a higher maximal pressure of up to 2200 bar. Another advantage is the material used. 
In this case the body of the pump is made of an aluminium alloy and the head of the pump 
cylinder is made of steel. The head of the pump cylinder is screwed to the pump body. These 
changes cause reduction in weight. 
 
 
Picture 2-17 CP4 pump[3] 
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2.4.7.2 Rail and components 
The rail looks like a common pipe with radials connectors, lashes and with axial thread at 
each end, however this simple appearance does not mean that the development of a rail body 
is an easy task to do.[3] In the rail body fuel is under high pressure, which causes high stress. 
Because of this stress it is possible to crack the inside of the rail or to tear away the high 
pressure connector and so on. The rail can be made by laser welding or by hot forging. Hot 
forged rails are cheaper, they have smaller dimensions and they are used in large serial 
production, because the form for hot forge is too expensive for a customised production. 
Laser-welded rails are more expensive, but they can be more easily modified and location of 
high pressure connectors and lashes can be changed according to customer requirements. 
Therefore laser-welded rails are often produced in smaller batches. Moreover, the laser-
welded rails can stand internal pressure of up to 2200 bar. 
 
Picture 2-18 Laser welded rail with components [3] (1 Rail, 2 High pressure fuel outlet, 3 RPS Sensor of 
pressure, 4 Engine lashes, 5 Indication, 6 Low pressure circuit, 7 Pressure regulation by PCV, 8 High 
pressure circuit 
Pressure Control Valve (PCV) 
This valve controls pressure inside the rail body. If the pressure is higher than required, a 
signal from the ECU tells the PCV to open a small piston inside the body for a short period of 
time, and as a consequence some fuel goes into the low pressure circuit.[4] The PCV is fully 
controlled by the electromagnet.  
In the picture 2-19 we can see parts of the PCV. The pressure control valve has a flange. 
Thanks to the flange the PCV can be mounted to the rail body or a high pressure pump. 
Thanks to a solenoid coil the valve is controlled and opened. A spring in the PCV presses the 
valve down.  At the end of this valve is a small ball, which is pressed to a cone with hole and 
seals the high pressure inside the rail. With this valve we can control pressure at all times. 
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Picture 2-19 PCV [4],[3] 
Pressure Limiting Valve (PLV) 
Pressure limiting valve is an uncontrolled pressure relief valve. This valve is opened only 
during maximal allowable pressure.[4] After the pressure limiting valve opens, the extra 
pressure and fuel goes inside the low pressure circuit. Normally this valve is closed and it 
opens only in exceptional situations or when the common rail system is being damaged. 
Inside the PLV is a piston, which is pressed to a saddle by a spring via a gasket. Unlike the 
PCV, the PLV is set only to regulate the maximal pressure. The piston can be opened only 
fifty times. After this the valve must be replaced and the fault of the system must be repaired. 
This fault is probably caused by another part of system. Thanks to a pressure sensor the ECU 
knows when the valve is opened and logs and counts the fault. 
 
Picture 2-20 PLV [3] 
2.4.7.3 Injectors 
In the common rail system injectors are connected with the rail via short high pressure pipes. 
The sealing between injectors and pipes is made of a copper sealing gasket.[4] The injectors 
are connected to a cylinder head. Injectors for the common rail system are suitable for direct 
or indirect installation in diesel engines with direct injection. In these days several types of 
injectors are used. These alternatives are described below. 
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Solenoid injector 
A solenoid injector is composed of a nozzle, a hydraulic servo system and a solenoid valve.[4] 
Fuel goes from a high pressure connection through an inlet channel in the injector and through 
a throttling to the intake area of the solenoid valve. In this area a low pressure circuit is built. 
There are two types of solenoid injectors; an injector with one-piece solenoid coil (one-spring 
system) and a two-piece solenoid coil (two-springs system). The picture 2-21 shows how a 
solenoid injector works. 
 
 
Picture 2-21 Solenoid injector [17],[7] 
Piezo injector 
A Piezo injector is composed of an actuator module, a hydraulic coupling or a converter, a 
control valve or a servo valve and a nozzle module.[4] An injector nozzle needle is activated 
by the servo valve. The volume of injected fuel is regulated by activation time of a valve. In 
an inactivated state the actuator is in its default location with a closed servo valve. This means 
the high pressure circuit is separated from the low pressure circuit. The nozzle is closed by 
fuel under high pressure in the rail. Thanks to the piezoelectric actuator the servo valve is 
opened, which closes a bypass hole. Due to different flows between throttling on the outtake 
and throttling on the intake the pressure inside the area decreases and the nozzle is opened. 
Following this process fuel from a control volume goes to the low pressure circuit. To close 
the nozzle the actuator needs to be discharged and the servo valve releases the bypass hole. 
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Picture 2-22 Piezo injector [17],[7] 
Rail pressure sensor (RPS) 
This sensor is mounted inside the rail, where it measures the pressure of fuel in the high 
pressure circuit of the common rail system. Information from the sensor goes to the ECU. The 
measurement is performed by changing the deformation of the membrane to an electrical 
signal.[4] This signal is sent to the ECU. The main function of this sensor is collection of 
information inside the rail. The second function of this sensor is sealing the high pressured 
fuel. 
 
Picture 2-23 RPS 
The core of the sensor is composed of a steel membrane with an elastic resistor in a bridge 
circuit. Measuring range depends on thickness of the membrane. A thicker membrane is for 
higher pressure and vice versa. When the pressure bends the membrane, the elastic resistors 
change their resistance. Output voltage of 0 – 80 mV that is created in the bridge circuit is 
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goes to an evaluation circuit in the sensor. This evaluation circuit increases the signal up to 
5V and this signal goes to the ECU, where the pressure is calculated. 
 
Picture 2-24 RPS 
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3 DEVELOPMENT OF THE NEW RAILL PRESSURE SENSOR 
3.1 Problem description 
This diploma thesis deals with a design of a radial connector on a welded rail. In this design 
the rail can be easily modified to fit different engines. An RPS Sensor can be also easily 
accessible for disassembly during an engine repair, which is a big advantage in installation of 
the rail in an engine compartment.  
Nowadays, an axial assembly of RPS is used in a LWR and a HFR, while a radial assembly is 
used only in the HFR. It is possible to use the HFR with a radial attachment, because the 
manufacturing process of functional areas comes after the rail production. This step reduces 
manufacturing tolerances. Functional areas of the LWR are manufactured before a connector 
is welded. LWR manufacturing tolerances are affected the most by the welding process. For 
this reason a new type of RPS, a new connector, or combination of both solutions must be 
designed.  
Requirements from the perspective of the sensor design 
Requirements: 
- Functional pressure sensor 
- Tightness of sensor with maximal internal pressure in the rail of 250 MPa 
- Minimum sensor lifetime of 250 000km 
- Corrosion resistance  
- Suitability for a serial production 
- Repeated assembly and disassembly of the sensor  (at least 10 times) 
3.1.1 Requirements from the perspective of the rail design 
Requirements: 
- The interface of the rail must not be overloaded 
- Load from the sensor must not cause cracking of the rail body or welding 
- Diameter of a radial drilling is 4.2mm, or it has the same interface that is used for a 
high pressure pipe 
 
3.2 Current solution of RPS 
As written above, there is only one way how to attach the RPS to the LWR, and two 
possibilities how to attach the RPS to the HFR. An axial assembly uses a sensor with thread 
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of dimension M18x1.5 (for LWR and HFR). A radial assembly uses a sensor with thread of 
dimension M12x1.5, but only for HFR.  
3.3 Methodology of a problem solving 
In the first step I focused on understanding the problem, and I sketched a few sensor concepts 
that I thought would be suitable in this case. Furthermore I analysed these concepts and 
identified their advantages and disadvantages. Thanks to this analysis I was able to choose 
concepts that I would further develop. For the chosen sensors I established sealing diameters, 
axial forces and all dimensions. In the next step I verified the calculations in a FEM analysis. 
Then I focused on a fatigue life of dangerous elements and analysed it in a FEMFAT 
software. In the last step I suggested the most suitable concept with two different sensors, and 
I compared their dependency of tolerances. 
3.4 Proposed solutions 
When I was proposing a radially mounted sensor, I was looking for a way to guarantee 
tightness of connections with pressure up to 250MPa. In the first step I kept current concepts 
of sealing used by Bosch. Then I modified those options to make them more usable for radial 
mounting. A screwing diagram plays a large role in loading of screw connections by static 
and dynamic forces, such as force created from the pressure in the rail. This diagram depends 
on the stiffness of components and affects the loading on the rail interface and stress in the 
connector.    
In the picture 3-1 a screwing diagram is shown. Forces are applied on a vertical axis of a 
diagram, while elongations are applied on a horizontal axis of the diagram. The RPS line and 
a Rail + Connector line represent the stiffness of components. Assembly force for sensor is 
shown as FS. Internal pressure creates dynamic force, which is shown in the picture 3-1 as 
FD. Forces FDS and FDC are distributed forces of the FD force, and they are dependent on 
the stiffness of components. Force FDS is dynamic force, which causes an increase of 
dynamic loading in the connector. The force FDC is a dynamic force, which causes dynamic 
loading in the interface of the rail. Also thanks to this force the sensor is lifted and therefore 
the contact pressure decreases.  
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Picture 3-1 Screwing diagram 
3.5 Design of new concepts 
In the first step I set basic requirements for the sensor and sketched preliminary design 
shapes. From five preliminary concepts I selected three. For these shapes I calculated axial 
force after tightening, dynamic force from internal pressure, and dimensions of the sensor and 
the connector. When I determined the basic dimensions, I created 3D models in ProEngineer 
and put them into Abaqus, where I made calculations for stiffness, contact pressure and 
evaluated the effects on the rail. 
 
3.5.1 Preliminary design shapes 
3.5.1.1 Bite edge 
This shape is based on an existing concept for sealing internal pressure in the rail. A sensor 
with the Bite edge shape is usually axially mounted with M18x1.5 thread, or radially mounted 
in the HFR rails with M12x1.5 thread. The main advantage of this concept is the sensor. The 
sensor is the same or similar to the one in a serial production and it would be more easily 
approved for a serial production for use in this concept. However, in this case a new type of 
connector must be used. Moreover, the manufacturing tolerances after welding process of 
connector must be small. The biggest emphasis must be put on a thread perpendicular to a 
contact surface. 
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Advantages: 
- There is a small sealing surface on the interface of the sensor, which gives higher 
contact pressure. 
- A small plastic deformation should not affect the re-assembly of the sensor. The 
sensor will maintain a high pressure contact. 
- Easier launch into production due to the same shape of the sensor. 
- The sensor can be smaller and lighter compared to existing sensors. This causes a 
smaller moment of inertia. 
- A simple shape of the rail interface 
- Only two parts in the system (connector and sensor) 
Disadvantages: 
- Inaccurate production can affect the size of the contact pressure 
- New welding process for the new connector 
 
   
Picture 3-2 RPS concept Bite Edge 
3.5.1.2 Bite edge with insert sealing plug 
The concept Bite edge with an inserted sealing plug uses the standard RPS sensor with M12 
thread. The main advantage lies in the use of a standard sensor. However, a new type of 
connector and a new part, which I call a „plug“ needs to be used. This plug would seal the 
internal pressure. The bottom part of the plug compensates for inaccuracies in production, 
especially for perpendicularity between the thread and the contact surface. The upper part of 
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the plug would be in contact with the RPS sensor, which means there would be two contacts 
to seal the internal pressure. 
Advantages: 
- There is a small sealing surface on the interface of the sensor, which gives a higher 
contact pressure. 
- A small plastic deformation should not affect the re-assembly of sensor. The sensor 
would maintain a high pressure contact. 
- Easier launch into production due to the same shape of the sensor. 
- It is independent of manufacturing tolerances. 
Disadvantages: 
- Possibility of a wrong assembly. 
- A hard material of the plug could cause cracking of the rail interface. 
- In case of a softer material, the plug must be replaced after each disassembly because 
of deformations. 
- A complex design due to two areas of a contact pressure. 
- More parts in the system. 
- Longer connector. This causes a larger moment of inertia. 
- Expensive manufacturing. 
- A new welding process for the new connector. 
 
Picture 3-3 RPS concept Bite Edge with insert sealing plug 
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3.5.1.3 Ball / cone concept with thread 
The first design of this concept was a sealing the internal pressure by using a ball-shape on the 
sensor and an edge-shape of the rail. This design was revised into a ball – cone concept. The 
reason for a revision was a better balance of forces on the rail. Moreover, in the first concept, 
large local plastic deformations could appear in the contact between the edge-shape and ball-
shape. In this case a new type of sensor and connector must be designed. The main advantage 
of this concept is in the tolerances. The sealing depends especially on the run-out of the sensor 
and the cone. This tolerance is easier to keep in required values. 
Advantages: 
- It is not dependent on the perpendicularity of a thread to the rail interface. 
- Axial force spreads on the cone of the rail. Thanks to this cone the perpendicular force 
to the cone is two times larger than the axial force. 
- A higher contact pressure 
- It is possible to design a smaller sensor. This causes a smaller moment of inertia. 
- Only two parts in the system (connector and sensor) 
Disadvantages: 
- A small plastic deformation can affect a re-assembly of the sensor. The sensor would 
not keep high pressure contact, because the areas of contact would be larger. 
- Big axial force can cause an overload of the rail cone 
- An inaccurate production can affect the size of the contact pressure. This can be 
caused especially by run-out tolerances, but these tolerances are easier to keep in 
required values. 
- A new welding process for the new connector 
   
Picture 3-4 RPS Ball/Cone concepts with thread 
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3.5.1.4 Pipe concept with integrated nut 
This concept of sensor is very similar to the high pressure (HP) pipe. The interface of the rail 
and the sealing shape of the RPS is the same as the interface and the shape of a high pressure 
branch. The main advantage of this concept lies in the M15 connector. It is a standard part of 
the LWR. Moreover, this sensor is independent of perpendicularity. However, this concept is 
more difficult to manufacture, because of a presence of an integral nut. This nut must be 
placed on the sensor before the sealing body is welded to the sensor itself. 
Advantages: 
- It is independent of perpendicularity and run-out tolerances . 
- Axial force spreads on the cone of the rail. Thanks to this cone the perpendicular force 
to the cone is two times larger than the axial force. 
- A higher contact pressure. 
- It is possible to design a smaller and lighter sensor. This causes a smaller moment of 
inertia. 
- It uses a standard M15 connector. 
Disadvantages: 
- Difficult to manufacture the sensor due to the integrated nut. 
- A small plastic deformation can affect the re-assembly of the sensor. The sensor would 
not keep high pressure contact because the areas of contact would be larger 
- Big axial force can cause an overload of the rail cone 
- More parts in the system (sensor, nut, connector) 
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Picture 3-5 Pipe concept with integrated nut 
3.5.1.5 Pipe concept with o-ring 
The Pipe concept with an o-ring is the same as the Pipe concept with an integrated nut, but 
with one difference. Thanks to the o-ring the nut holds on the sensor. It is clear from this that 
the sensor must be higher to place and secure the nut. This sensor is more difficult to 
manufacture than the previous one, because of a groove for the o-ring. It is also more difficult 
to design the contact place with the o-ring. 
Advantages: 
- It is independent of perpendicularity and run-out tolerances. 
- Axial force spreads on the cone of the rail. Thanks to this cone the perpendicular force 
to the cone is two times larger than the axial force. 
- A higher contact pressure. 
- It uses a standard M15 connector. 
Disadvantages: 
- Difficult to manufacture the sensor due to the o-ring. 
- A small plastic deformation can affect the re-assembly of the sensor. The sensor would 
not keep high a pressure contact, because the areas of contact would be larger. 
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- Big axial force can cause an overload of the rail cone. 
- More parts in the system (sensor, nut, connector, o-ring). 
- For non destructive disassembly of the nut, the sensor must be longer than other 
sensors. 
- A complex design. 
 
Picture 3-6 Pipe concept with o-ring 
3.5.1.6 Conclusion from preliminary design shapes 
After designing preliminary concepts I had to decide, which shapes would be the best for use. 
I decided to focus on these concepts: the Bite edge, the Cone with thread and the Pipe concept 
with an integrated nut. From my point of view it seems that the Bite edge is the best solution 
at this stage. It has the most advantages from all concepts and only two disadvantages. The 
main disadvantage is that the contact pressure is dependent on perpendifularity between the 
axis of the thread and the interface of the rail. However, this can be solved by a better welding 
process, and smaller diameters of the sealing area, or a larger axial force. 
The Cone with thread and the Pipe concept with an integrated nut have more advantages 
compared to the remaining two concepts that I decided to rule out. 
Reasons why I decided to exclude Bite edge with an internal plug:  
- Possibility of a wrong assembly. 
- A hard material of the plug could cause cracking of the rail interface. 
- In case of a softer material, the plug must be replaced after each disassembly because 
of deformations. 
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- A complex design due to two areas of a contact pressure. 
- More parts in the system. 
- Longer connector. This causes a larger moment of inertia. 
- Expensive manufacturing. 
Reasons why I decided to exclude the Pipe concept with an o-ring: 
- Difficult to manufacture the sensor due to the o-ring. 
- More parts in the system (sensor, nut, connector, o-ring). 
- For non destructive disassembly of the nut, the sensor must be longer than other 
sensors. 
- A complex design. 
- Bigger moment of inertia 
 
3.5.2 Calculation of basic dimensions  
In this stage, I suggested dimensions of sensors and connectors. In the first step I calculated 
dynamic force from the internal pressure in the rail, which acts on the surface of the sensor. In 
the calculation the internal pressure is of 250 MPa, which is a value that allows for a certain 
deviation. I use this pressure, because due to possible fluctuations the pressure could be 
higher than 200 MPa for a few seconds. From this reason I used in the calculation of the 
internal pressure a safety factor of 1.25. Then I calculated the minimal force for tightness. The 
target was to seal the pressure of 400 MPa, because the required pressure must be two times 
higher than the standard pressure in the rail, which is 200 MPa. From these forces I 
determined a static axial force. I put a strain of this force on the sensor in the FEM simulation. 
In the following steps I calculated diameters of the sensor, the connector and the length of the 
thread. In the last step I calculated the stiffness of the sensor and the connector. For these 
calculations I used simplified shapes, such as cylinders.  
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Input parameters for sensors: 
- Material DIN 1.xxxx 
- Internal pressure in rail p = 250 MPa 
- Contact pressure between sensor and rail pc = 400Mpa 
- Yield stress Rp0.2 = 1000 MPa 
Input parameters for connector: 
- Material DIN 1.xxxx 
- Yield stress Re = 635 MPa 
- Maximal pressure in thread pd = 110 MPa 
To select the maximal pressure in thread I had to find a similar material with similar 
properties as the material for connector in the norm ČSN 02 1010 [1]. The norm describes 
class strength of a bolt and the nut material. The most similar material is from class 6 and for 
this class the maximal pressure in thread is 110 MPa. 
For the calculation of dimensions I used an internal pressure with magnitude 250 MPa. 
However, the static FEM analysis considered an internal pressure with magnitude 160 MPa, 
which corresponds to the internal pressure of the LWR16 rail.  
There is a difference in internal pressures, because the sensor is designed for all allowed 
pressures in the rail.   
Stiffness of components is calculated, so that we could determine distribution of a dynamic 
force to two dynamic forces (Picture 3-31). One of these forces lifts the sensor and reduces 
contact pressure between sensor and rail. This force cause dynamic loading on interface of the 
rail. Second dynamic force loads the connector. 
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3.5.2.1 Bite edge 
In the first calculation of the Bite edge concept I used an interface of a RPS M12x1.5 standard 
and designed a dimension of the connector.[5] In the second calculation I redesigned a 
standard sensor and I used a smaller sealing diameter. This diameter was selected based on 
radial drilling in the rail. The thread dimension of this sensor was selected from a minimal 
sealing diameter. 
 
Picture 3-7 Forces, pressures and diameters on Bite Edge concepts 
 
 
 
 
 
 
 
 
 
Standard RPS M12x1.5 
Input diameters: d 6.8mm:=  
db 7.2mm:=  
dh 4mm:=  
DM 12mm:=  
1. Dynamic force: 
Area where is  
the internal pressure AB
π d
2
⋅
4
36.317mm
2
⋅=:=  . (1) 
Internal pressure p 200MPa:=  
. (2) 
Dynamic Force FD p AB⋅ 9.079 kN⋅=:=  
Vysoké Učení Technické v Brně                  Diploma thesis                  
 
40 
Brno 2012 
 
 
 
 
 
 
Picture 3-8 Screwing diagram 
 
 
 
From the calculation of the minimal diameter of the RPS I decided to design a second sensor 
with an M10x1.5 thread. This new sensor would be smaller and lighter. It means it would 
have a smaller moment of inertia. Also it would have a smaller axial force, because the 
dynamic force and the force for tightness are smaller. 
2. Minimal force for tightness: 
Area of contact AC
π db
2
d
2
−

⋅
4
4.398 mm
2
⋅=:=  . (3) 
Contact pressure pc 450MPa:=  
. (4) 
Minimal force for tightness FC pc AC⋅ 1.759 kN⋅=:=  
3. Static axial force: 
. (5) 
FS FD FC+ 10.838kN⋅=:=  
4. Minimal diameter of RPS: 
Yield strenght  Rp0.2 1000MPa:=  
. (6) 
Allowed stress σdov 0.45 Rp0.2⋅ 450 MPa⋅=:=  
Diameter of RPS Dmin
4 FS⋅
π σdov⋅
dh
2
+ 6.831 mm⋅=:=  . (7) 
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Picture 3-9 Dimensions of connector 
 
 
 
 
 
 
5. Minimal diameter of Connector: 
Yield strenght Re 635MPa:=  
Allowed stress σdovC 0.45 Re⋅ 285.75MPa⋅=:=  . (8) 
Diameter of RPS DminC
4 FS⋅
π σdovC⋅
DM
2
+ 13.867mm⋅=:=  . (9) 
DC 15.5mm:=  
6. Lenght of thread 
Maximal pressure in thread  
(table of screw class) 
pd 110MPa:=  
Diameter of connector d 12mm:=  
D1 10.376mm:=  
d2 11.026mm:=  
P 1.5mm:=  
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Picture 3-10 Dimensions of thread [2] 
 
 
 
. (10) 
Height of thread I HB
d D1−
2
0.812 mm⋅=:=  
Number of threads n
FS
pd π⋅ d2⋅
HB
cos 30°( )
⋅
3.034=:=  . (11) 
. (12) 
Height of thread hB n 2+( ) P⋅ 7.551 mm⋅=:=  
7. Stiffness of RPS 
lR 12mm:=  Length of RPS 
Area of RPS cross cestion ACS
π d2
2
dh
2
−

⋅
4
82.917mm
2
⋅=:=  . (13) 
. (14) 
K
ACS E⋅
lR
1.451 10
6
×
N
mm
⋅=:=  
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Picture 3-11 Dimensions for stiffness 
 
 
 
Picture 3-12 Main dimensions of Bite Edge M12 
 
 
 
8. Stiffness of Connector 
Length of connector lC 15.7mm:=  
Area of Connector cross cestion ACC
π DC
2
DM
2
−

⋅
4
75.595mm
2
⋅=:=  . (15) 
KC
ACC E⋅
lC
1.011 10
6
×
N
mm
⋅=:=  
. (16) 
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3.5.2.2 Cone concept with thread 
In the first calculation I used an interface of high pressure pipes, which is used on the rail. 
From this interface I calculated axial force for assembly. Then I used this force to calculate 
the minimal dimension of the sensor. This calculation plays a role in the determining of 
thread. Also the thread depends on the diameter of the ball of the interface. For the diameter 
7.1mm must be used minimally thread M10. In the second calculation of Cone concept I 
wanted to use smaller thread. From this reason I had to design a new sealing diameter and a 
new diameter for the ball of the interface.   
 
 
 
 
 
 
9. Contact pressure 
Internal pressure - LWRN16 pLWRN 160MPa:=  
Dynamic Force FDLWRN pLWRN AB⋅ 5.811kN⋅=:=  . (17) 
X
K
KC
1.435=:=  Proportion is 1:1.435 . (18) 
Dynamic force - R+C FDS
FDLWRN
X 1+( )
2.386kN⋅=:=  . (19) 
Dynamic force - interface FDC FDLWRN FDS− 3.424 10
3
× N=:=  . (20) 
Contact pressure pcLWRN
FS FDC−
AC
1.686 10
3
× MPa⋅=:=  . (21) 
Cone concept with smaller sealing diameter 
Diameter of radial drilling of rail dhR 4.2mm:=  
Angle of cone α 60deg:=  
Contact width t 1.4mm:=  
Value of contact width was taken from internal material of Bosch Diesel. The width of conntact 
corresponded to a hard material with Re=913MPa 
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Picture 3-13 Sealing diameter 
. (22) 
y
dhR
2
sin
α
2




4.2mm=:=  
y2 y
t
2
+ 4.9mm=:=  . (23) 
dTmin y2 sin
α
2




⋅ 2⋅ 4.9mm=:=  . (24) 
Minimal sealing diameter of sensor 
dSmin
dTmin
cos
α
2




5.658mm=:=  . (25) 
Minimal diameter of ball 
Chosen diameter of ball dS 6.1mm:=  
Sealing diameter of sensor DT cos
α
2




dS⋅ 5.283mm=:=  . (26) 
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3.5.2.3 Pipe concept 
The target of design was to use standard connector for LWR with thread M15x1.5 and to use 
an interface of high pressure pipes. The main task of this concept was to design shape of the 
sensor body. This task followed the calculation of axial force for assembly and stiffness of the 
connector. In this concept I wanted to have smaller stiffness of the sensor than of the rail with 
the connector. With this prediction I will have higher contact pressure and smaller dynamic 
loading in cone of the rail. This decision is made based on the basic knowledge of the 
screwing diagram. I decided to use stiffness with value 0.xe6 N/mm for the first concept. In 
the second concept I wanted to have a gradual change in the diameter. I calculated stiffness 
for the second concept and I verified if it was smaller than stiffness of the connector.   
 
3.5.2.4 Conclusion of calculation 
I designed six different sensors of the RPS. All main values are shown below in the table. The 
following calculations of sensors are in the appendices. In the table 1 we can see an axial 
force, which would be applied to the sensor. These different forces should cause almost the 
same contact pressure provided the stiffness stays the same. A smaller axial force is better for 
stress in the rail, the connector and the sensor. With a smaller axial force we can have a 
smaller diameter of the connector, a smaller length of the thread and a smaller diameter of the 
sensor. These parameters would affect the weight of this connection and this would cause 
smaller moment of inertia. The concept Cone M10 and the Pipe concepts would have the 
same axial force, because there would be the same sealing interface, which would cause the 
same dynamic force and the same deformation of the sealing area of the sensor. The force for 
tightness is calculated from this sealing area. From the calculations it seems that the Bite edge 
M10 and the Cone M8 would be the best for use as radial sensors of pressure on the laser 
welded rail thanks to smaller axial forces and a higher contact pressure.  If will increased a 
static axial force to the value of Bite Edge M12, these two concepts would have the highest 
contact pressure of all concepts. For the Cone M8 the contact pressure would be xxxxMPa 
and for the Bite Edge M10 it would be xxxxMPa. 
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Bite Edge 
M12x1.5 
Bite Edge 
M10x1.5 
Cone 
M10x1.5 
Cone 
M8x1.25 
Pipe with 
nut I 
Pipe with 
nut II 
Dynamic force 
[N] X X X X X X 
Force for 
tightness [N] X X X X X X 
Static Axial 
force [N] X X X X X X 
Length of thread 
[mm] X X X X X X 
Stiffness of RPS 
[N/mm] X X X X X X 
Stiffness of 
connector 
[N/mm] 
X X X X X X 
Contact Pressure 
[MPa] X X X X X X 
Table 1 
3.6 Calculation of stiffness with static FEM analysis 
In this stage I verified the accuracy of results from the previous stage. I used an elastic 
material with young module E = 210 000MPa.  In the first step I made models of sensors, 
connectors and rails in a 3D software named Pro/Engineer. Then I imported each sensor 
concept individually into a software for FEM simulation named Abaqus. 
 
3.6.1 Static FEM analysis of sensors 
Stiffness calculation process was the same for all sensors. For this reason I would show this 
procedure on one sensor only, for example the Bite Edge M12. As written above, I defined in 
Abaqus an elastic material for the sensor. After selecting the material I added the axial force F 
= 1000N. This force was placed behind the thread or in the contact place between the nut and 
the RPS. In the next step I defined boundary conditions on the lower surface. The boundary 
condition was a zero displacement on the X axis. 
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Picture 3-14 Model of sensor with axial force 
 
The last step before a simulation was to define the mesh. In all concepts I used the same size 
of elements. In results I checked deformation of nodes and took the maximum deformation. 
From this value I knew what was the deformation with a force of 1000N. I had to recalculate 
this value to stiffness. The stiffness of the material tells us how many Newton should be 
applied to a deformation of 1mm. 
 
Picture 3-15 Model of sensor with mesh 
3.6.2 Static FEM analysis of connector 
The stiffness calculation process was the same for all connectors. For this reason I would 
show this procedure on one connector only, for example the Bite Edge M12. In this 
simulation I also defined the same material and the same value of an axial force. This force 
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was placed on top of the connector. Then I defined boundary conditions, which were placed 
on the bottom of rail. The boundary condition was zero displacement on all axis. 
 
Picture 3-16 Model of connector with axial force 
The last step before a simulation was to define the mesh. In all concepts I used the same size 
of elements. In results I checked the same values as in the FEM simulation of the sensor and 
recalculated it to stiffness. 
 
Picture 3-17 Model of connector with mesh 
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3.6.3 Results of FEM simulation 
We can see differences in stiffness between results from calculations and from simulations. 
This difference could be caused by a simplified shape of parts in the calculation, or in Abaqus 
where I picked the biggest deformation from which I calculated the stiffness. For these 
reasons I decided to make a new FEM simulation, where I used a more accurate model of the 
sensor with all shapes and with the thread. Moreover, I divided the axial force of 1000N, and I 
placed these forces on the threads. This modification should give us more accurate results, 
because it would be more realistic than placing the force on the top of the sensor. 
 
 
Bite 
Edge 
M12x1.5 
Bite 
Edge 
M10x1.5 
Cone 
M10x1.5 
Cone 
M8x1.25 
Pipe 
with 
nut I 
Pipe 
with 
nut II 
Stiffness - 
RPS X X X X X X 
Stiffness - 
connector X X X X X X 
Stiffness - 
RPS - 
FEM 
X X X X X X 
Stiffness - 
connector 
- FEM 
X X X X X X 
Table 2 
 
3.6.4 FEM simulation of sensor with axial forced placed on thread 
 Since the results were different, I had to make a new more accurate simulation. In this step I 
used the sensor Bite Edge M12, where I applied force on the threads. In the literature [9] is 
written, that the first thread carries about 30 to 40% of the axial force. In the picture 3-17 we 
can see a graph with distribution of forces. By analysing this graph I decided to place force of 
a value of 30% of 1000N on the first and the second thread. On the third and fourth thread I 
placed a force of a value of 15% of 1000N, and on the last fifth thread I applied a force of a 
value of 10% of 1000N. Then again I defined boundary conditions (the same as before) and 
created the mesh.  
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Picture 3-18 Distribution of forces in the thread [9] 
 
Picture 3-19 Distribution of forces in model 
When I checked results I saw different deformations within the sensor. From this reason I 
decided to look at the stiffness in different nodes. I took nodes from all threads and compared 
the stiffness of the sensor depending on the nodes. In nodes I checked the distance from the 
interface of the rail before and after applying the forces. 
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Picture 3-20 Deformation in the model and nodes in the model 
In the picture 3-20 we can see different deformations as described above. The green colour 
indicates a higher value of stiffness than the orange colour. It means the deformation of green 
nodes is smaller and we need a larger force to cause a one millimetre deformation. 
  
Nodes 
  
1 2 3 4 5 6 7 
Thread 
1 
0.000885139 0.000796834 0.000719041 0.000685488 0.000653966 0.000650758 0.000628071 Def. 
1.13e6 1.255e6 1.391e6 1.459e6 1.529e6 1.537e6 1.592e6 stif. 
Thread 
2 
0.00094527 0.000853495 0.000788136 0.000744234 0.0007228741 0.000708509 0.000697597 Def. 
1.058e6 1.172e6 1.269e6 1.344e6 1.383e6 1.411e6 1.433e6 stif. 
Thread 
3 
0.000861804 0.00082758 0.000799013 0.000783331 0.000772609 0.000762012 0.000750567 Def. 
1.16e6 1.208e6 1.252e6 1.277e6 1.294e6 1.312e6 1.332e6 stif. 
Thread 
4 
0.000890567 0.000849205 0.000815159 0.00079957 0.000787286 0.000781259 0.000772073 Def. 
1.123e6 1.178e6 1.227e6 1.251e6 1.27e6 1.28e6 1.295e6 stif. 
Thread 
5 
0.000863746 0.000837682 0.000811682 0.000804177 0.000796534 0.000793977 0.000788295 Def. 
1.158e6 1.194e6 1.232e6 1.244e6 1.255e6 1.259e6 1.269e6 stif. 
  8 9 10 11 12 13 14   
Thread 
1 
0.000623756 0.000616242 0.000608934 0.000603673 0.000592798 - - Def. 
1.603e6 1.623e6 1.642e6 1.657e6 1.687e6   - stif. 
Thread 
2 
0.000683153 0.000676386 0.000667693 0.000666111 0.000664577 0.00066388 - Def. 
1.464e6 1.478e6 1.498e6 1.501e6 1.505e6 1.506e6 - stif. 
Thread 
3 
0.000740214 0.000731856 0.000723979 0.000718834 0.000713832 0.000711256 0.000709077 Def. 
1.351e6 1.366e6 1.381e6 1.391e6 1.401e6 1.406e6 1.41e6 stif. 
Thread 
4 
0.000766281 0.000759592 0.000755543 0.000751295 0.000749648 0.000748313 - Def. 
1.305e6 1.316e6 1.324e6 1.331e6 1.334e6 1.336e6   stif. 
Thread 
5 
0.000785331 0.00078151 0.000779422 0.00077727 0.00077671 0.000776453 - Def. 
1.273e6 1.28e6 1.283e6 1.287e6 1.287e6 1.288e6 - stif. 
Table 3 
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In the table we can see different deformations and stiffness in the same thread. So in the 
sensor it is hard to say, which deformation determines stiffness of the sensor. The maximal 
difference in stiffness is 0.520e6 N/mm. The minimal stiffness is in the thread number 2 and 
the node number 1 with value 1.058e6 N/mm. The maximal stiffness is in the thread number 1 
and the node number 12 with value 1.687e6 N/mm. The maximal stiffness is 59% larger than 
the minimal stiffness. In the table 4 we can see maximal differences in the same thread and in 
different nodes. 
   
Nodes Difference 
[%] 
Stiffness RPS – 
calculation[N/mm] 
Stiffness RPS – 
FEM [N/mm] 1 st. 2 nd. 
Thread 1 [N/mm] 1.13e6 1.687e6 49 
X X 
Thread 2 [N/mm] 1.058e6 1.506e6 42 
Thread 3 [N/mm] 1.16e6 1.41e6 21.5 
Thread 4 [N/mm] 1.123e6 1.336e6 19 
Thread 5 [N/mm] 1.158e6 1.288e6 11.2 
Table 4 
   
In this table I compared two nodes with different values of stiffness in the same thread. The 
first selected node had the smallest value of the thread and the second selected node had the 
biggest stiffness value. As we can see the difference of stiffness is up to 49% in the same 
thread. 
These tables show us that it is not possible to determine the correct stiffness for parts. The 
biggest issue is to choose a deformation between two nodes. The same applies to the 
connector and the sensor. 
3.6.5 Conclusion of simulation of stiffness 
As discussed above, it is impossible to determine the stiffness using this approach. In the 
simulation it is possible to determine the proportion of stiffness only. This can be determined 
from assembly of all parts of a particular concept. This approach will be described in the next 
paragraph. 
3.7 Static Fem analysis of assembly 
In this step I made a simulation of assembly with all parts – sensor, connector and rail. The 
static FEM (Finite Element Method) analysis is a numerical technique for finding 
approximate solutions of partial differential equations as well as integral equations.[23] 
Several steps must be made in the FEM analysis process, such as determining materials, 
interactions, boundary conditions, mesh, and setting up values that we would like to observe. 
These steps are made in a pre-processor of Abaqus software and the results are shown in a 
postprocessor.    
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One of the observed values is a stiffness proportion, which is calculated from the proportion 
of a dynamic force. The proportion of a dynamic force can be seen in the screwing diagram 
(Picture 3-31). It shows that the dynamic force from internal pressure is divided into two 
forces. One force lifts the RPS and reduces the contact pressure between the sensor and the 
rail. The second force loads the connector of the rail. From this divide we can easily calculate 
a proportion of stiffness. In this step is also verified the calculation from the paragraph 3.5.2. I 
had to focus on stress in all parts, contact pressure between the sensor and the rail, on plastic 
deformations and on the stress between crossings of an axial and a radial drilling. 
3.7.1 Preparation of 3D models 
In the analysis it is not possible to use 2D models, because the rail body with the connector is 
not axially symmetric. From this reason I had to make accurate 3D models for all shapes. I 
had to make threads on all sensors and connectors. After assembly of models the threads of 
sensors and the connector must fit together. This is important for a correct definition of 
contacts between the threads of the sensor and the threads of the connector, and between the 
sensor and the interface of the rail. I created all models in Pro Engineer Wildfire 4. After that 
all models were cut into a quarter model to simplify the FEM analysis. Then I imported 
models into the Abaqus software in a STEP file.  
3.7.1.1 3D models of the Bite Edge concept 
For the Bite Edge concept I made two different types of sensors and connectors. The change 
is in the diameter of the sensor and the rail, and in a different interface of the Bite edge. All 
important diameters were calculated in the chapter 3.5.2. I made two different sensors, two 
different connectors and one rail body. All models are shown in the picture 3-21. 
 
Picture 3-21 Parts of Bite Edge concepts - Connector, Sensor, Rail body 
3.7.1.2 3D models of the Cone concept 
For this concept I also made two different types of sensors and connectors. I changed the 
diameter of the thread and made a different sealing area on the sensor. All important 
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diameters were calculated in the chapter 3.5.2. I made two different sensors, two different 
connectors and one rail body. All models are shown in the picture 3-22 
 
Picture 3-22Parts of Cone concept - Connector, Sensor, Rail body 
3.7.1.3 3D models of the Pipe concept 
In this concept I made two different sensors, but in this case the connector remained the same. 
This connector is normally used on a laser welded rail as a connector of a high pressure pipe. 
Moreover, the sealing area of the sensor has the same shape and diameter. For assembly I 
made two different sensors, one connector, one rail body, and one nut. All models are shown 
in the picture 3-23 
 
Picture 3-23 Parts of Pipe concepts - Connector, Sensor, Rail body, Nut 
3.7.2 Material properties 
After importing an assembled concept to the Abaqus workspace, it was necessary to define 
material properties of all parts.[23] In the table 5 we can see different materials, which were 
used. For sensors a plastic material DIN 1.xxxx is used, for the rail body a plastic material 
DIN 1.xxxx is used, and for connectors an elastic material with young's modulus E=210000 
MPa is used. In the Pipe concept is an extra nut. This nut is made of an elastic material, with 
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young's modulus E=210000 MPa . Elastic material is used for the connector and nuts, because 
it is necessary to have exact results in the connector and in the nut, and a plastic deformation 
is not assumed. Definition of material properties is in the table 5. 
 
RPS 1.xxxx Rail body 1.xxxx Connector Nut 
Elasticity 
Young's 
modulus 
[MPa] 
X 
Young's 
modulus 
[MPa] 
X 
Young's 
modulus 
[MPa] 
X 
Young's 
modulus 
[MPa] 
X 
Poisson's 
ratio 
X 
Poisson's 
ratio X 
Poisson's 
ratio X 
Poisson's 
ratio X 
plasticity 
s [MPa] e pl s [MPa] e pl s [MPa] e pl s [MPa] e pl 
    - - - - 
    - - - - 
    - - - - 
    - - - - 
    - - - - 
    - - - - 
    - - - - 
    - - - - 
    - - - - 
    - - - - 
    - - - - 
    - - - - 
    - - - - 
    - - - - 
  - - - - - - 
  - - - - - - 
  - - - - - - 
Table 5 
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3.7.3 Interactions 
The next step in the Abaqus software was to define interactions between components.[23] In 
the assembled concept, the interaction property means a contact between the sensor and the 
connector or the rail. In the Bite Edge and the Cone concepts there are three parts: sensor, 
connector and rail. In these concepts there are two sets of contacts. The first set is in the 
threads between the sensor and the connector. The second set is on the surfaces between the 
sensor and the rail. In the Pipe concepts there are four parts: sensor, connector, rail and nut. 
Also this concept has two sets of contacts. The first set is in the threads between the connector 
and the nut. The second set is in the cone, where is the contact between the sensor and the rail. 
The properties of all contacts are the same. Contacts are defined by a tangential behaviour and 
a friction coefficient f=0.1.  
All interactions are created in the „Initial step“ and they are applied to all load steps.[23] 
Automatic stabilizations for contact are used in the first and the second steps. A default 
damping coefficient calculated automatically by Abaqus in automatic stabilization is used. 
This stabilization is better for establishing the contact and it is turned off in the third step, 
because it could cause errors in calculations.  
 
Picture 3-24 Interactions in Abaqus 
3.7.4 Boundary conditions 
All quarter models of all concepts are not symmetrical to any axis, but they are symmetrical to 
planes XY and XZ. In a perpendicular direction to these planes there are zero displacements 
for all nodes.[23] These zero displacements cause that the model is computed as symmetric to 
these planes. On the bottom side of the rail body is a zero displacement placed in the X 
direction. All boundary conditions are created in the „Initial step“ and they are applied to all 
load steps. In the picture 3-25 boundary conditions are shown. 
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Picture 3-25 Boundary conditions in Abaqus 
3.7.5 Loads 
The next important step is to define loads in the models. In my case I had three different loads 
in a four-step load analysis. The first load is called a „Bolt Load“ and it is applied to all steps 
of the analysis. The Bolt loads model tightening forces or length adjustments in bolts or 
fasteners. [23] This load is created in the analysis step „Bolt load I“. There is an applied force 
of 100N magnitude. This step helped to establish interactions. This step can be done also by 
changing the force into small length adjustments. If I applied the whole axial force in one 
step, the calculation could diverge and this could cause an error in the calculation.  
Following the first step of the calculation, the whole axial force can be applied. The second 
step of the analysis is called a „Bolt load II“, which is a modified force of the „Bolt Load I“.  
This force is showed in the table 6 as FA. 
The next analysis step following the „Bolt load II“ is called a „Bolt load fix“. In this step it is 
important to modify an applied force. It has to be changed to the value „Fix at current 
length“.[23] This method is available only if we have already created the load in the first 
analysis step and are now editing it in a subsequent analysis step. This method allows the bolt 
length to remain unchanged so that the force in the bolt can change according to the response 
of the model.  This is important for applying internal pressure on the sensor and the rail body. 
The last step of the analysis is called a „Pressure“. In this step the „Bolt load“ is without any 
changes, so it is propagated to the „Fix at current length“. The second and the third load are 
set in this analysis step. The second load is called a „Pressure“. Here pressure is applied on all 
holes in the rail and the sensor, as well as on the interface of the rail. The magnitude of 
pressure is 160 MPa for all concepts. The third load is called a „Pressure II“. Pressure is 
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created here on the closed end of the rail body. This compensates the pressure, which 
represents the reaction on the internal pressure. The value of this pressure is -24.85 MPa. 
 
Picture 3-26 Loading in Abaqus 
3.7.6 Mesh 
The selected element type and the mesh quality have the greatest influence on the final 
results. Therefore this step was the most difficult from all steps in the analysis. Different sizes 
and types of elements were used. C3D20 and C3D15 elements are used for symmetrical parts, 
and therefore we can create a mesh using a sweep function.[23] C3D10 element for free 
meshing is used in the rail body and in unsymmetrical parts. 
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Picture 3-27 Diferent elements in mesh 
3.7.6.1 Bite Edge concept 
An approximate global element size on the sensor is 0.5 mm. This size of element is placed 
on a section, where it is not necessary to have completely accurate results. Smaller elements 
are used on threads and on the Bite Edge interface. My greatest concern was to have the finest 
mesh on the interface, because the stress in this section is the biggest, and plastic 
deformations may occur. The same applies to the rail body. The finest mesh is on the 
interface, where is the contact between the sensor and the rail. The next important section on 
the rail is on the interface between radial and axial drilling. This place can be critical, because 
of stress concentration that occurs here. For this reason this place will be analysed with 
fatigue life analysis. An approximate global element size on the rail body is 1.5 mm. These 
elements are placed also on the section, where it is not required to have completely accurate 
results. The smallest element size is 0.014 mm. 
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Picture 3-28 Mesh of Bite Edge concept 
3.7.6.2 Cone concept 
An approximate global element size on the sensor is 0.02 mm. The mesh refinement is made 
in similar places as in the Bite Edge concept. These places are in the threads and in the contact 
place between the sensor and the rail. In this case the interface of the sensor is ball-shaped. 
The interface of the rail body is cone-shaped. It is necessary in this concept to focus on the 
cross section of radial and axial drilling. An approximate global element size on the rail body 
is 1.5 mm. The smallest element size is 0.04 mm. 
 
Picture 3-29 Mesh of Cone concept 
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3.7.6.3 Pipe concept 
In the Pipe concept there are similar places with fine mesh as in the Cone concept. The most 
observed section is again in the contact place between the sensor and the rail. The shape of 
interface is for both Pipe concepts the same as the shape of the Cone concept M10. However, 
in this concept there are threads on the nut. Other smaller elements are placed on the nut. An 
approximate global element size on sensor is 0.3 mm, on the rail is 1.5 mm and on the nut is 
0.5 mm. The smallest element size is 0.02 mm  
 
Picture 3-30 Mesh of Pipe concept 
 
3.7.7 Results of static Fem analysis 
In the Table 6 we can see results from the static FEM analysis. It is obvious from this 
simulation, that the calculation of stiffness from the step 3.5.2 was not accurate. Also I found 
out from the simulation, that the stiffness of the sensor is dependent on lower partition of the 
sensor. For example, in the Bite Edge concept this partition is between the sealing area and 
the first thread. This part considerably influences the stiffness; if we used a softer material, 
such as aluminium, the proportion of dynamic forces would remain the same as for steel.  
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Bite Edge 
M12x1.5 
Bite Edge 
M10x1.5 
Cone 
M10x1.5 
Cone 
M8x1.25 
Pipe 
with 
nut I 
Pipe 
with 
nut II 
Axial force – FA [N] X X X X X X 
Dynamic force – FD 
[N] X X X X X X 
Dynamic force – 
FDR [N] 
X X X X X X 
Dynamic force – FDI 
[N] X X X X X X 
Axial force with 
internal pressure 
FAP [N] 
X X X X X X 
Partitions of 
stiffness 
RPS:Rail+connector 
1:1.1 1:1.27 1:1.01 1: 0.25 1:0.33 1: 0.34 
Partitions of 
stiffness from 
calculations 
RPS:Rail+connector 
1:1.4 1:1.04 1:0.8 1:0.6 1:0.5 1:0.73 
Contact pressure – 
FEM – max. [Mpa] X X X X X X 
Contact pressure – 
FEM – min [Mpa] X X X X X X 
Contact pressure – 
calculation [Mpa] X X X X X X 
Table 6 
 
Picture 3-31 Screwing diagram with all forces mentioned in table ... 
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In the results of the static FEM analysis we can see, which concept is the best in terms of 
proportion of contact pressure and the axial force. The sensor Cone M8x1.25 has big contact 
pressure with a small axial force. For this reason it seems it is the perfect concept of the 
sensor. However, in the analysis we can also see plastic deformations in the sensor Cone 
M8x1.25. Due to deformations this concept can not be used as a sensor, because we can not 
guarantee a re-assembly. These plastic deformations also occur in all concepts with the ball 
shaped sensor. Due to this reason I found that the best radial sensor of pressure is one of the 
bite edge concepts. I prefer Bite Edge M10, because in this sensor a contact pressure is higher 
with use of the same axial force as in Bite Edge M12. 
 
Bite Edge 
M12x1.5 
Bite Edge 
M10x1.5 
Bite Edge 
M10x1.5 
Dynamic force [N] X X X 
Axial force [N] X X X 
Axial force with internal 
pressure [N] X X X 
Contact pressure [Mpa] X X X 
Table 7 
Also after the FEM analysis it is possible to compare a contact pressure from the calculation 
with a contact pressure calculated in the FEM analysis. The difference between these 
calculations is in the 10% tolerance, and we can say that the FEM analysis confirmed my 
assumption of the contact pressure from the section 3.5.2. 
3.8  FEMFAT – Fatigue life analysis 
Apart from the assessment of the various design variants of the RPS connector in terms of 
contact forces and their change due to pressure loading it was also necessary to estimate the 
effect of various design variants upon the expected load carrying capacity of the rail, namely 
on the fatigue strength. Due to complexity of the geometry and stress and strain field within 
the rail, it was decided to perform the fatigue analyses in specialized software package 
FEMFAT, which utilizes results of finite element analyses. Concretely, the analysis was 
performed with the FEMFAT module. 
  
3.8.1 Analysis details  
The analysis workflow in FEMFAT is quite straightforward. Firstly, information about the 
finite element mesh is loaded. Secondly, two load stress fields corresponding to upper and 
lower load (or equivalently to mean stress and amplitude) are imported from the result 
database. The import procedure depends on the utilized FEA package and setup of the finite 
element analyses. When the ABAQUS software is used for the finite element analyses, as in 
the present case, the simplest way to load the results is to import them directly 
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from  the odb results database. In the present case, the lower load stress field corresponded to 
the as assembled state and the upper load stress field corresponded to the pressurized state of 
the rail. 
 In the next step it was necessary to specify material characteristics required for the fatigue 
analysis, such as Wöhler curves for various loading conditions. If these were not available, it 
would be possible to use a material generator, which is based on the FKM Richtlinie [24] and 
can estimate the necessary material characteristics based just on the ultimate tensile strength 
of material and its classification (such as general carbon steel, finely grained steel and so 
on).  Since insufficient amount of relevant fatigue characteristics for the material at hand was 
available, the requested material characteristics had to be estimated. The utilized estimate 
corresponded to heat treatable steel material class and ultimate tensile strength of 1100 MPa. 
 At last, it was necessary to choose a so called influence factors and analysis parameters. The 
influence factors were used to compute node specific S-N curve and the Haigh diagram. In the 
present case, only standard influence factors were taken into consideration: effect of stress 
gradient and mean stress upon the endurance limit and slope of the S-N curve, effect of the 
stress gradient upon the ultimate tensile strength and statistical influence. Details about the 
influence factors and analysis parameters could be found in the FEMFAT manual. 
Concerning the analysis parameters, it was necessary to choose which sort of results was 
requested and mainly what criterion should be used. Since the rail is usually designed to 
infinite life, it was chosen to compute amplitude based safety factor with respect to the 
endurance limit. Therefore, it was also necessary to define loading path. In case of the rail the 
relevant loading path should reflect the fact, that the only live load is the pressure in the rail 
and therefore it was assumed that the minimum stress (corresponding to the assembled state) 
was constant. The safety factor was set to be computed with the 50 % reliability in order to 
simplify comparison with experimental fatigue tests. The utilized fatigue criterion, or in 
FEMFAT terms the equivalent stress form, is then to be chosen. According to FEMFAT 
manual, the most suitable criterion for ductile materials is the modified equivalent stress in the 
critical plane, and therefore this criterion was also used in the present analysis. In fact the 
choice of the criterion is of a lesser importance when several similar components are to be 
compared, since the absolute values of the safety factors are not that relevant. Moreover, it is 
usually possible to use the same analysis procedure to compute safety factor of a component 
for which the true safety factors are know and then use the known difference between the true 
and computed safety factor to modify the safety factor of the newly analyzed components. 
 Before presenting the results, it is important to note, that in order to reflect the effect of stress 
gradients upon the fatigue strength of the rail, it was necessary to create two types of models – 
global models and submodels. The global models represented both the rail and the connector 
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and were discretized with quite coarse finite element mesh. The submodels then represented 
only the critical region of the rail, where the axial main hole meets the transversal one. 
Boundaries of the submodel, which “lied in the material” deformed during the submodel 
analysis in the same way as if they were part of the global model. The pressure loading on the 
remaining boundaries was applied in the same way as in the case of the global model. Since 
the submodels were much smaller than the global models, it was possible to use finer mesh 
and thereby the stress gradients were computed more accurately. 
 
Picture 3-32Mesh in submodel 
3.8.2 Results 
A summary of the safety factors for the various connector modifications is presented in the 
Table 8. It can be seen that all safety factors exceed the value of 1 and therefore have a 
suitable fatigue life.  
 Sf [-] 
grad 
[1/mm] 
BE-M10 X X 
BE-M12 X X 
Cone-M8 X X 
Cone-M10 X X 
Pipe-I X X 
Pipe-II X X 
Table 8 
 
 In Figures 3-33 and 3-34 it possible to see S-N curves and Haigh diagrams of both the 
material and the critical nodes.  
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Picture 3-33 S-N curves 
 
  
Picture 3-34 Haigh Diagram 
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3.9 Tolerances for Bite Edge concept 
In the Bite edge concept the contact pressure is affected the most by perpendicularity. The 
perpendicularity is between the thread of a connector and a flat area on the rail. The maximum 
value of perpendicularity is 0.Xmm for the Bite edge M12 sensor. This value is taken from 
Bosch drawings. In the next step I will calculate the maximal value of perpendicularity for the 
Bite edge M10 sensor. 
 
 
 
 
 
 
 
 
 
 
Tolerance of perpendicularity Tp 0.05mm:=  
Length of connector lc 13.5mm:=  
dB 6.8mm:=  Sealing diameter for BE M12 
dBI 5.8mm:=  Sealing diameter for BE M10 
Angle of tolerance ϕ atan
Tp
lc






0.212deg=:=  . (27) 
x tan ϕ( )
dB
2
⋅ 0.013mm=:=  . (28) 
ϕBI atan
x
dBI
2








0.249deg=:=  . (29) 
TPI tan ϕBI( ) lc⋅ 0.059mm=:=  . (30) 
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The maximum value of perpendicularity is 0.Xmm for the Bite edge M10. Below in the table 
9 the data of perpendicularity for high pressure connector M19 with length XXmm are 
described. I calculated an average value of perpendicularity from the measurements and then I 
added three times the standard deviation. From this I acquired the maximal value for a 
standard deviation diagram, which is shown in the picture 3-35.  This value is 0.Xmm. 
Connectors for the Bite Edge M12 and M10 have length XXmm. For this reason the maximal 
value of perpendicularity had to be recalculated for this connector. The maximum value of 
perpendicularity is about 0.Xmm for the length of XXmm. Due to the size of this tolerance, 
appropriate measures need to be put in place for Bite Edge concepts. Firstly I would focus on 
the welding process, because some connectors were within the tolerance and met the 
requirements. This means it would be possible to achieve perpendicularity of value 0.Xmm. 
Also in these concepts it would be possible to have a larger deviation of perpendicularity. 
This perpendicularity would be balanced by a deformation of the connector. In this concept 
the stiffness of the connector is smaller than stiffness of the end of the rail, where the sensor is 
axially mounted.  
 
Picture 3-35 Standard deviation diagram [11] 
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Measurement of perpendicularity on 
standard LWR with connector M19 
Number of connector 
 
1 2 3 4 5 
Rail 1 X X X X X 
Rail 2 X X X X X 
Rail 3 X X X X X 
Rail 4 X X X X X 
Rail 5 X X X X X 
Rail 6 X X X X X 
 Rail 7 X X X X X 
Rail 8 X X X X X 
Table 9 
 
  
 
 
 
Picture 3-36 
standard deviation X 
average X 
perpendicularity +3S X 
Table 10 
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4 CONCLUSION 
The aim of this diploma thesis was to design an RPS sensor body of a fuel pressure, which 
would be attached radially on an axis of a laser welded rail. Thanks to this arrangement of the 
rail sensor, the common rail system would become more modifiable and would be more easily 
integrated in the engine compartment. 
The RPS had to be designed in a way to seal high pressures in the rail; these pressure reach in 
the latest generation of the common rail system around 2000 bar. I started elaborating the 
diploma thesis by sketching preliminary concepts of the sensor, which I further analysed. 
After completing calculations of basic sensor dimensions, I calculated forces that act on the 
rail body. Thanks to these forces it was possible to determine contact pressures between the 
RPS and the interface of the rail, which needs to be at least 400 MPa. I verified these 
calculations using the FEM analysis in the Abaqus software. Finally I checked the fatigue life 
of the rail in the critical area. 
The result of this diploma thesis is a recommendation to use the Bite Edge M10 concept, 
which is a modified version of a standard RPS sensor of pressure with the M12 thread. This 
new shape of the sensor guarantees a higher contact pressure between the sensor and the rail 
interface, than the RPS with the M12 thread could provide. Another advantage of this concept 
lies in the perpendicularity tolerance, where the sensor with a smaller diameter could have a 
larger deviation from this tolerance. Thanks to these reasons the Bite Edge M10 edge 
becomes the most suitable concept for a radial attachment on a laser welded rail. The results 
of performed analysis need to be experimentally verified using a high pressure pulsation test. 
If the results of these tests were positive, Bosch Diesel could further evaluate this concept 
from a financial point of view before launching a serial production. 
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7 LIST OF SHORTCUTS  
ECU Engine Control Unit 
EDC Electronic Diesel Control 
EFP Electronic Fuel Pump 
FEM Finite Element Method 
HFR Hot Forged Rail 
HP High Pressure 
LWR Laser Welded Rail 
PCV Pressure Control Valve 
PLV Pressure Limiting Valve 
RDS Rail Druck Sensor 
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8 APPENDICES  
 
 
Picture 8-1 Forces, pressures and diameters on Bite Edge concepts 
 
 
 
 
 
 
 
 
 
Bite Edge 
RPS M10x1.5 
Constants : 
dI 5.8mm:=  
dbI 6.2mm:=  
dhI 4mm:=  
DMI 10mm:=  
1. Dynamic force: 
Area where is  
the internal pressure ABI
π dI
2
⋅
4
26.421mm
2
⋅=:=  . (31) 
Internal pressure p 250MPa:=  
. (32) 
Dynamic Force FDI p ABI⋅ 6.605 kN⋅=:=  
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Picture 8-2 Screwing diagram 
 
 
 
 
 
 
 
2. Minimal force for tightness: 
Area of contact ACI
π dbI
2
dI
2
−

⋅
4
3.77 mm
2
⋅=:=  . (33) 
Contact pressure pc 400MPa:=  
. (34) 
FCI pc ACI⋅ 1.508 kN⋅=:=  Minimal force for tightness 
FSI FDI FCI+ 8.113 kN⋅=:=  
3. Static axial force: 
. (35) 
4. Minimal diameter of RPS: 
Yield strength  Rp0.2 1000MPa:=  
Allowed stress σdov 0.45 Rp0.2⋅ 450 MPa⋅=:=  . (36) 
Diameter of RPS DminI
4 FSI⋅
π σdov⋅
dhI
2
+ 6.241 mm⋅=:=  
. (37) 
5. Minimal diameter of Connector: 
Yield strength  Re 635MPa:=  
Allowed stress σdovC 0.45 Re⋅ 285.75MPa⋅=:=  . (38) 
Diameter of RPS DminCI
4 FSI⋅
π σdovC⋅
DMI
2
+ 11.668mm⋅=:=  . (39) 
DCI 13.5mm:=  
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Picture 8-3 Dimensions of connector 
 
 
 
 
 
 
 
 6. Lenght of thread 
Maximal pressure in thread  
(table of screw class) 
pd 110MPa:=  
Diameter of connector dI 10mm:=  
D1I 8.376mm:=  
d2I 9.026mm:=  
P 1.5mm:=  
HBI
dI D1I−
2
0.812 mm⋅=:=  . (40) 
Height of thread I 
Number of threads nI
FSI
pd π⋅ d2⋅
HBI
cos 30°( )
⋅
2.271=:=  . (41) 
Height of thread hBI nI 2+( ) P⋅ 6.406 mm⋅=:=  . (42) 
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Picture 8-4 Dimensions of thread [2] 
 
 
 
 
 
 
 
 
 
7. Stiffness of RPS 
Length of RPS lRI 12mm:=  
Area of RPS cross section ACSI
π d2I
2
dhI
2
−

⋅
4
51.419mm
2
⋅=:=  . (43) 
. (44) 
KI
ACSI E⋅
lRI
8.998 10
5
×
N
mm
⋅=:=  
8. Stiffness of Connector 
Length of connector lCI 15.7mm:=  
Area of Connector cross section ACCI
π DCI
2
DMI
2
−

⋅
4
64.599mm
2
⋅=:=  . (45) 
KCI
ACCI E⋅
lCI
8.641 10
5
×
N
mm
⋅=:=  
. (46) 
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Picture 8-5 Main dimensions of Bite Edge M10 
 
 
 
 
 
9. Contact pressure 
Internal pressure - LWRN16 pLWRN 160MPa:=  
Dynamic Force FDLWRNI pLWRN ABI⋅ 4.227kN⋅=:=  . (47) 
XI
KI
KCI
1.041=:=  Proportion is 1:1.041 . (48) 
Dynamic force - R+C FDSI
FDLWRNI
XI 1+( )
2.071kN⋅=:=  . (49) 
Dynamic force - interface FDCI FDLWRNI FDSI− 2.157 10
3
× N=:=  . (50) 
Contact pressure pcLWRNI
FSI FDCI−
ACI
1.58 10
3
× MPa⋅=:=  . (51) 
 
Vysoké Učení Technické v Brně                  Diploma thesis                  
 
82 
Brno 2012 
 
Picture 8-6Forces, pressures and diameters on Cone concept 
 
 
 
 
 
 
 
 
 
 
 
Cone concept 
With diameter of HP pipe 
Constants:  d 6.15mm:=  
ν 0.3:=  
E 210000MPa:=  
dH1 7.1mm:=  
dH2 10
100
mm:=  
dh 3mm:=  
DM 10mm:=  
1. Dynamic force: 
Area where is  
the internal pressure AB
π d
2
⋅
4
29.706mm
2
⋅=:=  . (52) 
Internal pressure p 250MPa:=  
Dynamic Force FD p AB⋅ 7.426 kN⋅=:=  . (53) 
FN
FD
cos 60°( )
14.853kN⋅=:=  . (54) 
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Picture 8-7 Screwing diagram 
 
2. Minimal force for tightness: 
l π d⋅ 19.321mm⋅=:=  
Hertz contact b
2 FN⋅
π l⋅
1 ν
2
−
E
1 ν
2
−
E
+
1
dH1
1
dH2
+
⋅ 0.174 mm⋅=:=  . (55) 
d1s d b+ 6.324 mm⋅=:=  d2s d b− 5.976 mm⋅=:=  . (56) 
AS
180 π⋅
360
1
4
⋅ 2 d1s⋅( )
2
2 d2s⋅( )
2
−

⋅ 6.706 mm
2
⋅=:=  . (57) 
Contact pressure pc 400MPa:=  
Minimal Normal force FNb pc AS⋅ 2.682 kN⋅=:=  . (58) 
Minimal Axial force for tightness FC FNb cos 60°( )⋅ 1.341 kN⋅=:=  . (59) 
3. Static axial force: 
FS FD FC+ 8.768 kN⋅=:=  . (60) 
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From the calculation of the minimal diameter of the RPS I decided to design the second 
sensor with a smaller sealing diameter. This new sensor would be smaller and lighter. It 
means it would have a smaller moment of inertia. Moreover, It would have a smaller axial 
force. 
 
 
 
 
 
Picture 8-8 Dimensions of connector 
 
4. Minimal diameter of RPS: 
Yield strength  Rp0.2 1000MPa:=  
. (61) 
σdov 0.45 Rp0.2⋅ 450 MPa⋅=:=  Allowed stress 
Diameter of RPS Dmin
4 FS⋅
π σdov⋅
dh
2
+ 5.814 mm⋅=:=  . (62) 
5. Minimal diameter of Connector: 
Yield strength  Re 635MPa:=  
σdovC 0.45 Re⋅ 285.75MPa⋅=:=  . (63) Allowed stress 
Diameter of RPS DminC
4 FS⋅
π σdovC⋅
DM
2
+ 11.793mm⋅=:=  . (64) 
DC 14mm:=  
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Picture 8-9 Dimensions of thread [2] 
 
 
6. Lenght of thread 
Maximal pressure in thread  
(table of screw class) 
pd 110MPa:=  
Diameter of connector d 10mm:=  
D1 8.376mm:=  
d2 9.026mm:=  
P 1.5mm:=  
HB
d D1−
2
0.812 mm⋅=:=  . (65) 
Height of thread I 
n
FS
pd π⋅ d2⋅
HB
cos 30°( )
⋅
2.998=:=  
Number of threads . (66) 
Height of thread hB n 2+( ) P⋅ 7.497 mm⋅=:=  . (67) 
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Picture 8-10 Main dimensions of Cone M10 
 
 
 
7. Stiffness of RPS 
Length of RPS lR 12.5mm:=  
Area of RPS cross section ACS
π d2
2
dh
2
−

⋅
4
56.917mm
2
⋅=:=  . (68) 
K
ACS E⋅
lR
9.562 10
5
×
N
mm
⋅=:=  . (69) 
8. Stiffness of Connector 
Length of connector lC 13.5mm:=  
Area of Connector cross section ACC
π DC
2
DM
2
−

⋅
4
7.54 10
5−
× m
2
=:=  . (70) 
KC
ACC E⋅
lC
1.173 10
6
×
N
mm
⋅=:=  . (71) 
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In the second calculation I modified diameters of the sensor interface and used a smaller 
thread. I had to calculate a new sealing diameter. 
 
 
 
 
 
 
 
 
 
 
 
9. Contact pressure 
Internal pressure - LWRN16 pLWRN 160MPa:=  
. (72) 
Dynamic Force FDLWRN pLWRN AB⋅ 4.753 kN⋅=:=  
X
K
KC
0.815=:=  Proportion is 1:0.815 . (73) 
Proportion of stiffness 
. (74) 
Dynamic force - R+C FDS
FDLWRN
X 1+( )
2.618 kN⋅=:=  
Dynamic force - interface FDC FDLWRN FDS− 2.135 10
3
× N=:=  . (75) 
Contact pressure pcLWRN
FS FDC−
AS
989.153MPa⋅=:=  . (76) 
Cone concept 
With smaller diameter 
Constants:  
dI 5.3mm:=  
ν 0.3:=  
E 210000MPa:=  
dhI 2mm:=  
dH1I 6.1mm:=  
dH2I 10
100
mm:=  
DMI 8mm:=  
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1. Dynamic force: 
Area where is  
the internal pressure ABI
π dI
2
⋅
4
22.062mm
2
⋅=:=  . (77) 
Internal pressure p 250MPa:=  
Dynamic Force FDI p ABI⋅ 5.515 kN⋅=:=  . (78) 
FNI
FDI
cos 60°( )
11.031kN⋅=:=  . (79) 
2. Minimal force for tightness: 
lI π dI⋅ 16.65 mm⋅=:=  
Hertz contact bI
2 FNI⋅
π lI⋅
1 ν
2
−
E
1 ν
2
−
E
+
1
dH1I
1
dH2I
+
⋅ 0.127 mm⋅=:=  
. (80) 
d1sI dI bI+ 5.427 mm⋅=:=  d2sI dI bI− 5.173 mm⋅=:=  . (81) 
ASI
180 π⋅
360
1
4
⋅ 2 d1sI⋅( )
2
2 d2sI⋅( )
2
−

⋅ 4.213 mm
2
⋅=:=  . (82) 
Contact pressure pc 400MPa:=  
Minimal Normal force FNbI pc ASI⋅ 1.685 kN⋅=:=  . (83) 
Minimal Axial force for tightness FCI FNbI cos 60°( )⋅ 0.843 kN⋅=:=  . (84) 
3. Static axial force: 
FSI FDI FCI+ 6.358 kN⋅=:=  
. (85) 
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Picture 8-11 Screwing diagram 
 
 
 
 
 
 
 
 
 
4. Minimal diameter of RPS: 
Yield strength  Rp0.2 1000MPa:=  
σdov 0.45 Rp0.2⋅ 450 MPa⋅=:=  Allowed stress . (86) 
Diameter of RPS DminI
4 FSI⋅
π σdov⋅
dhI
2
+ 4.689 mm⋅=:=  
. (87) 
5. Minimal diameter of Connector: 
Yield strength  Re 635MPa:=  
. (88) 
σdovC 0.45 Re⋅ 285.75MPa⋅=:=  Allowed stress 
DminCI
4 FSI⋅
π σdovC⋅
DMI
2
+ 9.609 mm⋅=:=  . (89) 
Diameter of RPS 
DCI 12mm:=  
5. Minimal diameter of Connector: 
Yield strength  Re 635MPa:=  
. (88) 
σdovC 0.45 Re⋅ 285.75MPa⋅=:=  Allowed stress 
DminCI
4 FSI⋅
π σdovC⋅
DMI
2
+ 9.609 mm⋅=:=  . (89) 
Diameter of RPS 
DCI 12mm:=  
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Picture 8-12 Dimensions of connector 
 
 
 
 
 
I used an M10x1.5 thread, because of the sealing diameter of 7.1mm. If I used a smaller 
thread, I would not be able to use this sealing diameter. 
6. Lenght of thread 
Maximal pressure in thread  
(table of screw class) 
pd 110MPa:=  
Diameter of connector dI 8mm:=  
D1I 6.647mm:=  
d2I 7.188mm:=  
PI 1.25mm:=  
. (90) 
Height of thread I HBI
dI D1I−
2
0.676 mm⋅=:=  
Number of threads nI
FSI
pd π⋅ d2I⋅
HBI
cos 30°( )
⋅
3.277=:=  
. (91) 
Height of thread hBI nI 2+( ) PI⋅ 6.596 mm⋅=:=  
. (92) 
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Picture 8-13 Dimensions of thread [2] 
 
 
 
 
7. Stiffness of RPS 
 
Length of RPS lRI 11mm:=  
Area of RPS cross section ACSI
π d2I
2
dhI
2
−

⋅
4
37.438mm
2
⋅=:=  
. (93) 
KI
ACSI E⋅
lRI
7.147 10
5
×
N
mm
⋅=:=  
. (94) 
8. Stiffness of Connector 
lCI 12mm:=  Length of connector 
Area of Connector cross section 
ACCI
π DCI
2
DMI
2
−

⋅
4
6.283 10
5−
× m
2
=:=  
. (95) 
KCI
ACCI E⋅
lCI
1.1 10
6
×
N
mm
⋅=:=  
. (96) 
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Picture 8-14 Main dimensions of Cone M8 
 
 
 
 
 
 
 
 
 
9. Contact pressure 
Internal pressure - LWRN16 pLWRN 160MPa:=  
Dynamic Force FDLWRNI pLWRN ABI⋅ 3.53 kN⋅=:=  . (97) 
XI
KI
KCI
0.65=:=  Proportion is 1:0.65 . (98) 
Podíl tuhostí 
Dynamic force - R+C FDSI
FDLWRNI
XI 1+( )
2.139 kN⋅=:=  
. (99) 
Dynamic force - interface FDCI FDLWRNI FDSI− 1.391 10
3
× N=:=  
. (100) 
Contact pressure pcLWRNI
FSI FDCI−
ASI
1.179 10
3
× MPa⋅=:=  
. (101) 
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Picture 8-15Forces, pressures and diameters on Pipe concept 
 
 
 
 
 
Pipe concept 
Constants:  
d 6.15mm:=  
ν 0.3:=  
E 210000MPa:=  
dH1 7.1mm:=  
dH2 10
100
mm:=  
dh 3mm:=  
1. Dynamic force 
Area where is  
the internal pressure AB
π d
2
⋅
4
29.706mm
2
⋅=:=  . (102) 
Internal pressure p 250MPa:=  
Dynamic Force FD p AB⋅ 7.426 kN⋅=:=  . (103) 
FN
FD
cos 60°( )
14.853kN⋅=:=  . (104) 
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Picture 8-16 Screwing diagram 
 
 
 
2. Minimal force for tightness: 
l π d⋅ 19.321mm⋅=:=  
Hertz contact b
2 FN⋅
π l⋅
1 ν
2
−
E
1 ν
2
−
E
+
1
dH1
1
dH2
+
⋅ 0.174 mm⋅=:=  . (105) 
d1s d b+ 6.324 mm⋅=:=  d2s d b− 5.976 mm⋅=:=  . (106) 
AS
180 π⋅
360
1
4
⋅ 2 d1s⋅( )
2
2 d2s⋅( )
2
−

⋅ 6.706 mm
2
⋅=:=  . (107) 
Contact pressure pc 400MPa:=  
Minimal Normal force FNb pc AS⋅ 2.682 kN⋅=:=  . (108) 
Minimal Axial force for tightness FC FNb cos 60°( )⋅ 1.341 kN⋅=:=  . (109) 
3. Static axial force: 
FS FD FC+ 8.768 kN⋅=:=  . (110) 
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4. Minimal diameter of RPS: 
Yield strength  Rp0.2 1000MPa:=  
σdov 0.45 Rp0.2⋅ 450 MPa⋅=:=  . (111) Allowed stress 
Diameter of RPS Dmin
4 FS⋅
π σdov⋅
dh
2
+ 5.814 mm⋅=:=  . (112) 
Target : - Use standart connector M15 for Laser Welded rail 
 - Connector coud be more stiffness than RPS  
5. Stiffness of Connector 
DC 10.5mm:=  
DM 13.160mm:=  
Length of connector lC 12.8mm:=  
Area of Connector cross cestion ACC
π DM
2
DC
2
−

⋅
4
4.943 10
5−
× m
2
=:=  . (113) 
Stiffness of connector KC
ACC E⋅
lC
8.11 10
5
×
N
mm
⋅=:=  . (114) 
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Picture 8-17 Pipe I 
 
 
 
Picture 8-18 Pipe 2 
 
6. Design of RPS 
Lenght of RPS lRPS 17.6mm:=  
Pipe I 
Chosen stiffness of RPS KRPS 0.4 10
6
⋅
N
mm
:=  
Area of RPS - cross section ARPS
KRPS lRPS⋅
E
33.524mm
2
⋅=:=  . (115) 
Diameter of RPS Dmin
4 ARPS⋅
π
dh
2
+ 7.189 mm⋅=:=  . (116) 
Vysoké Učení Technické v Brně                  Diploma thesis                  
 
97 
Brno 2012 
 
 
 
 
 
 
 
 
Pipe II 
Dav 8.5mm:=  
Area of RPS - cross section ARPSII
π Dav
2
dh
2
−

⋅
4
49.676mm
2
⋅=:=  . (117) 
KRPSII
ARPSII E⋅
lRPS
5.927 10
5
×
N
mm
⋅=:=  . (120) 
Stiffness of RPS 
9. Contact pressure PipeI 
Internal pressure - LWRN16 pLWRN 160MPa:=  
Dynamic Force FDLWRN pLWRN AB⋅ 4.753 kN⋅=:=  . (121) 
X
KRPS
KC
0.493=:=  Proportion is 1:0.493 . (118) 
Proportion of stiffness 
. (119) 
Dynamic force - R+C FDS
FDLWRN
X 1+( )
3.183 kN⋅=:=  
Dynamic force - interface FDC FDLWRN FDS− 1.57 10
3
× N=:=  . (122) 
Contact pressure pcLWRN
FS FDC−
AS
1.073 10
3
× MPa⋅=:=  . (123) 
9. Contact pressure PipeII 
Internal pressure - LWRN16 pLWRN 160MPa:=  
Dynamic Force FDLWRN pLWRN AB⋅ 4.753 kN⋅=:=  . (125) 
XII
KRPSII
KC
0.731=:=  Proportion is  1:0.731 . (124) 
Proportion of stiffness 
Dynamic force - R+C FDSII
FDLWRN
XII 1+( )
2.746 kN⋅=:=  . (126) 
Dynamic force - interface FDCII FDLWRN FDSII− 2.007 10
3
× N=:=  . (127) 
Contact pressure pcLWRN
FS FDCII−
AS
1.008 10
3
× MPa⋅=:=  . (128) 
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Picture 8-19 S. Mises of Bite Edge M10 (left) and  Cone M8 (Right) 
 
   
Picture 8-20 S. Mises of Cone M10 (Left) and Pipe II (Right) 
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Picture 8-21 S. Mises of Pipe I 
 
Picture 8-22 Plastic deformation of Pipe I 
  
Picture 8-23 Plastic deformation of Cone M8 
